Furthermore, we demonstrate the bistable nonvolatile memory states that can be switched in-situ without the inconvenient heat-assisted procedure, and robustly preserved even at zero magnetic field, due to the modified interlayer coupling by 1% Ga-doping in Sr 2 IrO 4 . These findings represent a straightforward step toward the AFM spintronic devices.
Introduction
Antiferromagnets represent the overwhelming majority of magnetic materials in nature, and exhibit fascinating physical properties, such as diverse spin textures and topologically protected states of matter 1, 2, 3, 4 . Although the antiferromagnetic (AFM) order serves as the second basic type of magnetic order, and has been discovered for nearly a century since the 1930s, it has so far been used as passive elements, such as pinning of the ferromagnetic (FM) layer in modern spintronics technology 5 . The main obstacle that keeps the AFM materials away from even more extensive applications is the great challenge in detection and manipulation of AFM orders because of their imperviousness to external magnetic field. Recently, this perception has been largely modified, and the emerging concept of AFM-spintronics has been garnering considerable interest 6, 7, 8, 9 .
The AFM-spintronics, where magneto-transport is governed by an antiferromagnet instead of a ferromagnet, opens perspectives for both fundamental research and device technology, since the AFM orders offer some unique and irreplaceable advantages compared to ferromagnets. One of the major appealing features is the promise of ultrafast writing speed (on picosecond time scale), enabled by the THz scale AFM resonance which is three orders of magnitude higher than the ferromagnets with GHz resonance frequency 10, 11, 12 . The control of AFM orders, which was thought to be precisely difficult, has been experimentally realized by various means, including electrical switching 1, 13, 14, 15, 16 , optical excitation 11 , and heat-assisted magnetic recording 17, 18 . On the detection side, anisotropic magnetoresistance (AMR), which is the magneto-transport counterpart of magnetic anisotropy energy, has been generally and successfully utilized, in analogue to the traditional FM-based spintronics 7, 18, 19, 20, 21, 22, 23, 24, 25 . However, the readout signal, i.e. the AFM-based AMR (AFM-AMR), is commonly found to be small at a level of ~1% (or even smaller) 7, 22 . This is incompatible with the scalability of the readout time and cell size in modern spintronics devices, and conceptual breakthrough on the readout side of AFM spintronics is required to obtain significantly larger signals.
Magnetocrystalline anisotropy energy (MAE) determined by spin-orbit coupling (SOC) has been utilized as a generic principle to realize the AFM-AMR in previous studies. For instance, when the AFM spin axis is aligned along different directions with respect to the crystal axes, various resistive states are expected because of the induced anisotropy of electronic structure 19, 23, 24 .
Although calculations predicted large density of states (DOS) anisotropy in antiferromagnets with strong SOC, experimentally observed AMR ratio is unfortunately small overall 19, 20, 26 . The substantial gap between theories and experiments based on MAE solely indicates that additional ingredients should be involved to enhance the AFM-AMR. Regarding this, AFM junction may be an alternative, and indeed giant AMR exceeding 100% at low temperature (T) was reported in an AFM IrMn-based tunnel junction 25 . However, spintronics effects in AFM heterostructures are strongly sensitive to disorder and perfect epitaxy, which hindered their experimental realization 22, 27, 28 .
Recently, a number of exotic phenomena, such as spin polarized current 29 and anomalous Hall effect 30, 31 which were assumed to only happen in ferromagnets, were revealed in bulk AFM materials. This provides an excellent opportunity to combine the typical spintronics phenomena, i.e. giant or tunneling magnetoresistance (GMR or TMR) with AFM-AMR without expense of structural complexity. Note that AMR is also a bulk effect. Such a scheme may harvest two advantages. First, significantly enhanced AFM-AMR is expected because the typical spintronics effects are usually remarkable. Second, the synergy of different types of magneto-transports may lead to unconventional AFM-based functionalities.
In the present work, we demonstrate the giant AMR reaching ~160% at low-T in a simple resistor plate of spin-orbit coupled AFM Sr 2 IrO 4 single crystal. Furthermore, by tiny Ga-substitution at Ir-site, nonvolatile resistive memory can be achieved, and the bistable states can be manipulated in-situ simply by varying the magnetic field (H) direction. Collaborative action of an atomic scale GMR-like effect and MAE is responsible for these super AFM-spintronics functionalities in this J eff =1/2 antiferromagnet. In the first part of the article, we illustrate the physical descriptions of anisotropic magneto-transport in Sr 2 IrO 4 . In the second part, we present remarkably enhanced AMR and its reversal behavior. In the third part, we demonstrate the AFM nonvolatile memory effect in the tiny Ga-doped Sr 2 IrO 4 . . Neutron scattering demonstrated that the AFM state is in a twinned manner with equal domain populations 32, 33 . Because of the canting, net magnetic moments appear alternatively in each IrO 2 , and then identified in double layered manganites 42 . This is an atomic scale effect and appears in a J eff = 1/2 AFM state, which is unusual. While the previous studies of magnetotransport in Sr 2 IrO 4 have illustrated some interesting features 19, 23, 24, 36, 37, 38 , the AMR phenomenon related to the J eff =1/2 AFM lattice remains elusive. One possible reason is related to the crystal quality, as revealed by Kim et al. 43 . For instance, evident in-plane magnetic anisotropy was identified very recently when the Sr 2 IrO 4 crystal quality was improved 35, 43, 44 . 19, 24 . This is physically anticipated considering the essential role of the strong SOC in build up the electronic structure in Sr 2 IrO 4 . In Fig. 1a , a clear slop-change can be seen at H c1 <H<H c2 in the MR curves at curves exhibit pronounced peak around H~0.2 T. This is even remarkable at T=35 K, and the maximum AMR ratio is found to be as large as 160% which is the largest value compared to those reported so far in AFM materials. AMR phenomenon was studied using different experimental setup in Sr 2 IrO 4 previously, and a detailed comparison with the present work can be seen in the Supplementary information (see Supplementary Fig. 10 ). As compared to the phase diagram shown in Fig. 1b , we can see that the striking AMR enhancement develops right within the region II (shadowed with olive). Therefore, the observed giant AMR effect can be ascribed to a combination of the atomic scale GMR-like effect and the MAE energy which dominate the magneto-transport together in this intermediate field region (H c1 <H<H c2 ). In addition, inhomogeneities (i.e. domains and defects) within the sample resulting in regions with slightly different transition fields might also contribute a little to the AMR.
Results

Fundamental aspects of the
Abnormal
Here we note that the AMR symmetry in region II is more like twofold at both T=35 K and 90 K, although a fourfold rotation symmetry is in principle anticipated because of the square lattice of Sr 2 IrO 4 . As revealed by several recent theoretical works, the in-plane anisotropy in Sr 2 IrO 4 can be accurately described by a magnetic-lattice coupling model 43, 45 . Importantly, it was found that the magnetic-lattice coupling effectively acts like a uniaxial anisotropy, once the magnetic moments are aligned along a certain direction, such as the J eff =1/2 moments flopping. Therefore, it is physically reasonable to expect a twofold AMR symmetry at H~H flop , such as the present case, according to the proposed magnetic-lattice coupling model. In addition, weak R-tips can still be seen in the basin of the AMR trace, indicating existence of retained biaxial anisotropy.
Having understood the drastic AMR enhancement in region II which is a key finding in the present work, we now turn to look at the AMR effect happening in Region I and III. Within region I, the magneto-transport is dominated by domain wall scattering as discussed above. For instance, clear hysteresis can be seen in the AMR traces within region-I, which may also duo to the domain wall motion akin to the MR-bumps. As revealed by Porras et 43 . Therefore, the AMR hysteresis appears at both easyand hard-axes. In Fig. 3a , the induced AMR symmetry at H=0.1 T is twofold with peaks at Φ~45 (Fig. 3c) , since the thermal fluctuation is sufficiently high to overcome the energy barrier at domain walls for electron transport. This is consistent with the phase diagram shown in Fig. 1b. Regarding the fourfold AMR symmetry at H=3 T, it can be ascribed to the bandgap engineering akin to the analogous phenomenon in Sr 2 IrO 4 thin films 19, 24 . Because H=3 T is much larger than H flop , the weak FM phase is well stabilized, and its net magnetic moment and the corresponding 
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. As a consequence, a fourfold AMR symmetry with minima appearing right at the in-plane hard axes is obtained. More details of giant AMR phenomenon and its reversal can be found in Supplementary Fig. 11 .
Nonvolatile memory in tiny Ga-doped Sr 2 IrO 4 . The above data have shown a highly efficient scheme, which is the combination of various types of magneto-transports dominated by either spin polarized current or MAE energy, to enhance the AFM-AMR effect in J eff =1/2 Sr 2 IrO 4 . Along this line, a natural proposal is if the various magneto-transport behaviors can be preserved after removing H. By this, we should be able to observe the interesting AFM-based spintronics functionalities at H=0 T, i.e. the AFM memory effect. A key step is to retain the flopped magnetic state from recovery after the H-writing. It is found that the non-doped Sr 2 IrO 4 is not proper to realize this purpose, since the pristine state can be recovered after different H sweeping (Fig. 1a) .
We then dope Sr 2 IrO 4 with 1% Ga at Ir-site, which was found to be efficient in triggering the flop transition without breaking the J eff =1/2 state akin to the effect of applying external H As shown in Fig. 4b , after the first H-cycle, two reversible resistive states can be obtained by further H writing procedures, demonstrating an AFM memory effect. The two memory states can be switched by in-situ H-writing without heat-assisted procedure, and the resistive ratio of the two states is as large as ~4.5%. This is a major point deserved for high appreciation and it is different from the operation utilized in AFM MnTe 17 and FeRh
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. The drift effect seen in the resistance over time (Fig. 4c ) may due to inhomogeneities (such as domains) within the sample. Full R(H) data can be seen in the Supplementary Fig. 12 . The memory effect is nonvolatile and fully reproducible in the successive write-read cycles, as shown in Fig. 4c 
Discussion
We have demonstrated giant AMR and nonvolatile memory in simple AFM resistors made of J eff =1/2 antiferromagnets without auxiliary reference layer. Note that coupling to FM layer would lose the unique merits of antiferromagnets in AFM spintronics devices. The AMR ratio is found to reach ~160% at T=35 K in the present work, which is much larger than previously available values 17, 18, 19, 20, 23, 37 . It is noted that very large tunneling AMR exceeding 100% at T=4.2 K was identified in AFM IrMn-based tunnel junctions, while additional FM NiFe layer was used for inducing exchange spring effect 25 , different from the present case. Regarding the AFM-based nonvolatile memory, it has been rarely reported before. In the previous works, to obtained different memory states, the sample has to be heated above T N , and then cooled below T N with magnetic field 17, 18 .
Here we show an in-situ manipulation of the bistable states, which may have advantages in practical devices.
Our work has shown an efficient mean to achieve significantly large AMR and nonvolatile memory in the J eff =1/2 antiferromagnets. The crucial part of our scheme is to combine various types of magneto-transport behaviors, i.e. the atomic scale GMR-like effect due to spin polarized current, and crystal AMR due to the MAE energy, in a single system. Importantly, the scheme proposed in the present work is applicable to a broad class of AFM materials. As a fundamental piece of the two major findings, the spin polarized current was theoretically predicted to generally exist in most antiferromagnets except those with simple collinear spin orders very recently 29 . In addition, the scheme could also be extended to some recently discovered AFM alloys where exotic anomalous Hall effect was identified, and distinctive AFM spintronic functionalities would be expected 30, 31, 50 . In summary, significantly enhanced AMR reaching ~160% at T=35 K is revealed in a simple resistor made of AFM Sr 2 IrO 4 hosting J eff =1/2 moment due to strong spin-orbit coupling, owing to a combination of an atomic scale GMR-like effect and the magnetocrystalline anisotropy. The enhanced AMR can be observed at higher-T, although its magnitude decreases gradually with increasing T. Further experiments demonstrated that the plural magneto-transport behaviors can be preserved by only 1% Ga-doping in Sr 2 IrO 4 without the assist of external magnetic field.
Importantly, in the tiny doped resistor, nonvolatile AFM memory effect is identified, and the bistable memory states can be operated in-situ. The modification of interlayer coupling by Ga-doping is essential for realizing the nonvolatile memory. Our work has illustrated a very efficient scheme to significantly improve the spintronics functionalities in antiferromagnets.
Methods
Sample preparation. The Sr 2 IrO 4 single crystals (2×1×0.5 mm 3 ) were synthesized from off-stoichiometric quantities of SrCl 2 , Sr 2 CO 3 , and IrO 2 using the self-flux techniques. The thoroughly mixed powders were placed in a platinum crucible covered with a lid, and then melted at 1250 °C in a programmable furnace in air. After this, the crucible was cooled to 800 °C at a rate of 6 °C per hour and then furnace-cooled to room temperature. The molar ratio of SrCl 2 :IrO 2 was set at ~8:1, which was found to be critical for obtaining high quality crystals. For a comparison, 1% Ga-doped Sr 2 IrO 4 single crystals were also synthesized through the same method. The stoichiometry of the resulting crystals was confirmed using energy dispersive spectroscopy measurements. The pure phase of the crystals was examined by performing room-temperature powder X-ray diffraction measurements on thoroughly crashed crystals. The crystals were also checked using Rigaku XtaLAB miniTM diffractometer at room temperature.
Magnetization and electric transport measurements. Electric transport measurements for the crystals were carried out using a four-probe method in a Quantum Design (QD) physical property measurement system equipped with a rotator module. Silver paste was used to make the electrodes.
In order to have homogeneous electric current I flowing through the sample, the electrodes of current source were made as large as possible (>1 mm 2 ). With regard to the magneto-transport measurements, exciting current I was applied along the [001] direction, and the magnetic field H was always applied within the basal plane of the crystals. Therefore, the AMR refers to the (I, H) behaviors. Magnetization as function of T and H were measured using a QD superconducting quantum interference device. All the M(H) curves were measured after the zero-field cooled (ZFC) sequence. For the high field transport measurements, the same device structure was used, and the pulsed magnetic field up to ~50 T with a duration time of ~50 ms was generated by using a nondestructive long-pulse magnet energized by a 1 MJ capacitor bank. 
